The neurokinin 1 receptor (NK1R), a G protein-coupled receptor involved in diverse functions including pain and inflammation, has two putative N-linked glycosylation sites, Asn-14 and Asn-18. We studied the role of N-linked glycosylation in the functioning of the NK1R by constructing three receptor mutants: two single mutants (Asn 3 Gln-14 and Asn 3 Gln-18) and a double mutant, lacking both glycosylation sites. Using a lentiviral transfection system, the mutants were stably transfected into NCM 460 cells, a nontransformed human colonic epithelial cell line. We observed that the magnitude of glycosylation as estimated by changes in gel migration depends on the number of glycosylation sites available, with the wild-type receptor containing the greatest amount of glycosylation. All mutant receptors were able to bind to substance P and neurokinin A ligand with similar affinities; however, the double mutant, nonglycosylated NK1R showed only half the B max of the wild-type NK1R. In terms of receptor function, the ablation of both N-linked glycosylation sites did not have a profound effect on the receptors' abilities to activate the MAP kinase families (p42/p44, JNK, and p38), but did affect SP-induced IL-8 secretion. All mutants were able to internalize, but the kinetics of internalization of the double mutant receptor was more rapid, when compared with wild-type NK1R. Therefore, glycosylation of NK1R may stabilize the receptor in the plasma membrane. These results contribute to the ongoing elucidation of the role of glycosylation in G proteincoupled receptors and the study of the neurokinin receptors in particular.
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G protein-coupled receptor ͉ substance P T he neurokinin 1 receptor (NK1R) mediates a range of proinflammatory and pain processes. For example, NK1R levels are up-regulated in sites of joint inflammation, asthma, inflammatory bowel disease, acute pancreatitis, and abdominal cell adhesion formation (1) (2) (3) (4) (5) (6) . It is also speculated to be involved in modulation of HIV infection (7) . There is considerable interest in NK1R as a therapeutic target, and antagonists are currently being tested for treatment of depression, emesis, asthma, and breast cancer.
The NK1R was identified, cloned, and characterized as a member of the rhodopsin family of the G protein-coupled receptor (GPCR) superfamily (8) (9) (10) . The NK1R has different binding affinities for its tachykinin ligands, which include substance P (SP), neurokinin A (NKA), NKA-like peptides, and neurokinin B. SP, first identified by von Euler and Gaddum (11) in 1931, was isolated by Chang and Leeman (12) in 1970, and later synthesized by Tregear et al. (13) . SP was identified as a sialogogic peptide, but has also been shown to function as a neurotransmitter, a neuromodulator, and a key mediator of inflammatory processes (14) . In nontransformed mucosal epithelial cells, SP can induce secretion of proinflammatory cytokines, such as IL-6, IL-8, and TNF-␣, and this induction requires activation of the transcription factor NF-B (15, 16) . SP binding to the NK1R elicits inositol production (17) , mobilizes Ca 2ϩ (18) , and activates the ERK1 and ERK2 members of the MAPK family (19) . In fact, transactivation of the EGF receptor has been demonstrated upon SP stimulation (20) , leading to cell proliferation that involves matrix metalloproteinases and TGF-␣ secretion (21) .
Although SP is the preferred ligand for NK1R, several groups have shown that NKA binds NK1R with high enough affinity to elicit a biologic response (22) (23) (24) . More recently, it has been found that benzoylphenylalanine 3 -SP, a photoactivatable ligand for the NK1R, covalently labeled the N-terminal region of the NK1R between residues 11 and 21 (25) . Therefore, the binding region for SP encompasses the glycosylation region of the NK1R, and perturbations of the glycosylation sites not only provide insight on the receptor itself, but also on the ligand-receptor complex.
The neurokinin receptors contain putative N-linked glycosylation sites on their extracellular amino termini: residues 14 and 18 on NK1R, residues 11 and 19 on neurokinin-2 receptor, and residues 23, 50, and 73 on neurokinin-3 receptor. The role of these receptor glycosylation sites is unclear. Based on the particular receptor, carbohydrate moieties have been shown to be involved in various receptor functions, including receptor stability and activation state (EGF receptor) (26) ; receptor folding (luteinizing hormone receptor) (27) ; trafficking and expression (human ␦ opioid receptor, neurotensin receptor) (28, 29) ; and ligand binding and signal transduction (parathyroid hormone receptor, somatostatin subtype 3 receptor) (30, 31) . It is apparent from these studies that glycosylation effects on GPCRs are empiric and specific to the receptor, requiring investigation in each receptor system.
Based on the evidence pointing to receptor glycosylation as critical in ligand binding, internalization dynamics, and liganddirected downstream signaling, as well as our previous work suggesting that rat NK1R was highly glycosylated when expressed in CHO cells (32) , we sought to understand the role of glycosylation in the NK1R. To do this, we created mutants of NK1R that lack one or both of its N-linked glycosylation sites. (Fig. 1A) . The single glycosylation mutants appear to migrate to the same extent as each other and also indicate a relative mass that is greater than the double mutant. The wild-type and single glycosylation mutants tend to have a more diffuse banding pattern as compared with the double glycosylation mutant, which runs in a sharp band very close to the NK1R predicted peptide mass of Ϸ50 kDa. These results confirm earlier evidence that the native NK1R is glycosylated, and that the mutations at N14Q and N18Q, as expected, lead to a decrease in the level of receptor glycosylation. Furthermore, the various cell lines were shown to express equivalent NK1R transcript, as shown by quantitative RT-PCR ( Fig. 1B ; ␣ ϭ 0.05, P Ͼ 0.05, null hypothesis accepted). Fig. 2A ) demonstrated no effect of glycosylation on the K i of SP in the presence of 125 I-BH-SP (data were normalized to wild-type values). The K i of SP in all cell lines was Ϸ1.0 nM, in agreement with published results of wild-type NK1R (33) (34) (35) . These results indicate that the various glycosylation mutants have affinities for SP similar to that of the wild-type receptor. In contrast, the apparent B max depended on whether there was an N-linked glycosylation site available. The apparent B max of the single glycosylation mutants were similar to that of the wild-type receptor, but the apparent B max of the double mutant was only 48% of wild type. This finding suggested that the number of receptors expressed on the surface of the cells transfected with mutant, nonglycosylated receptor may be altered.
Results

Extent of Glycosylation in
As shown in Fig. 2B , confirming results from the competition binding assays above, 125 I-BH-SP saturation analysis of wild-type and glycosylation mutant receptors demonstrates no effect of glycosylation on the K D of 125 I-BH-SP. For saturation analysis experiments, cells were treated with increasing concentrations of 125 I-BH-SP with and without 1 M SP, representing nonspecific and total binding, respectively. The K D was Ϸ3 nM, which is within the range found in the literature, indicating that ligand affinity is not affected by receptor glycosylation. However, this saturation analysis demonstrates a dramatic reduction in the B max of the double glycosylation mutant, when compared with wild-type receptor (Fig. 2B) . Whereas, the single glycosylation mutants did not vary significantly from the wild-type receptor, the B max of the nonglycosylated receptor was reduced significantly (Ϸ2-fold). This result indicates that the amount of functional, fully nonglycosylated NK1R expressed in the plasma membrane is almost half that of wild-type NK1R and suggests that glycosylation may play a role in NK1R stabilization and dynamics in the membrane.
Receptor Internalization in NCM 460 Cells. We next examined receptor dynamics by immunocytochemistry of NCM 460 cells stably transfected with wild-type and nonglycosylated NK1R. Cells were treated with 10 nM SP for 0 min to 2 h, probed with a polyclonal antibody raised against the H83 epitope of the NK1R, and visualized by confocal microscopy. As shown in Fig.  3 , unstimulated cells have a ribbon-like NK1R immunoreactivity, reflecting a uniform NK1R distribution on the membrane surface of the cells. After SP stimulation, NK1R immunoreactivity becomes punctate, reflecting formation of vesicles and internalization. Much of this punctate immunoreactivity resolves by 2 h of continuous SP stimulation, indicating that receptor internalization has reached a steady state.
Immunoreactivity of cells containing nonglycosylated NK1R indicates punctate staining within 15 min of SP stimulation similar to the wild-type receptors, suggesting that NK1Rs lacking glycosylation are still able to internalize and recycle back to the surface. Interestingly, the singly and doubly glycosylation mutant receptors show more punctate staining at 45 min of continuous SP stimulation, suggesting that the absence of carbohydrate moieties may affect receptor recycling back to the surface, after internalization.
Kinetics of Receptor Internalization in NCM 460
Cells. Our confocal data of receptor internalization and recycling showed that a fully deglycosylated receptor may internalize faster, but return to the cell surface more slowly, than wild-type receptors. We sought to further elucidate these processes by using acid wash and radioactive quantification as detailed in Materials and Methods (36) . We found that 24% more of the double glycosylation receptor mutants (N14Q/N18Q) are internalized within 5 min, relative to the amount of internalized wild-type receptors (Fig. 4) , indicating that receptors lacking glycosylation may internalize faster than wild-type receptors. These results are consistent with our confocal microscopy observations. One explanation for these results may be that receptors continuously oscillate and are in equilibria among different states that may favor internalization; glycosylation may shift these equilibria to internalizationfavored states. The lack of steric hindrance conferred by the carbohydrate moieties may lower the threshold for conformational changes of the receptor because of the energy of the system.
MAPK Family Signaling in NCM 460
Cells Transfected with NK1Rs. We next sought to characterize NK1R-induced signaling pathways in our various NK1R-expressing NCM 460 cell lines, because previous work has shown that NK1R can activate the MAPK families after 100 nM SP stimulation (20) . Our cell lines containing the mutant NK1Rs were therefore compared after SP-induced phosphorylation of the MAPK pathways p38, p42/ p44, and JNK. As shown by immunoblot in Fig. 5, p38 and p42/p44 are phosphorylated within 5 min of SP incubation, whereas JNK phosphorylation occurs within 30 min in cells with wild-type and mutant NK1Rs. To ensure equivalent loading of samples, total p42/p44, total p38, and total JNK were also assayed; cells did not show an increase in total (phosphorylated plus unphosphorylated) MAPK levels ( Fig. 5 and data not shown). Furthermore, the observed MAPK phosphorylation is a downstream signaling event of the NK1R, because pretreatment with the NK1R antagonist CJ12,255 ablates p42/p44 and JNK phosphorylation induced by SP (Fig. 6 , purple, SP alone; orange, antagonist plus SP) at 10 and 30 min of SP treatment for p42/44 and pJNK activation, respectively. Therefore, the results show that SP can activate the MAPK families p38, p42/p44, and JNK, and that this activation is specifically mediated by the NK1R.
IL-8 Production in NCM 460
Cells Transfected with NK1R. The NK1R has been shown to mediate SP activation of inflammatory pathways, including IL-8 production (15) . Therefore, an IL-8 secretion assay to functionally characterize the lentivirally introduced wild-type and mutant NK1R was undertaken. NCM 460 cells transfected with wild-type NK1R showed increased IL-8 production as a function of time after bolus SP treatment (0-8 h) and SP concentration (0.3 nM-30 M). Four hours of 100 nM SP treatment increased IL-8 secretion, which remained elevated after 8 h. After 4 h of 100 nM SP treatment, NCM 460 cells with wild-type NK1R showed a 13-fold increase in IL-8 secretion as measured by ELISA, compared with untreated transfected cells, indicating that NK1R is functionally active in these cells (Fig. 7) . In contrast, the amount of IL-8 produced by unstimulated NCM 460 did not plateau but increased steadily over time, indicating that the IL-8 secreting machinery of unstimulated cells is not saturated. Furthermore, the NK1R is activated by SP specifically, because a NK1R antagonist abrogates this observed IL-8 production (data not shown). In contrast, NCM 460 cells with the double nonglycosylated mutant NK1R demonstrated a pronounced diminution of IL-8 production after 100 nM SP stimulation for 4 h, showing an 85% decrease from IL-8 production (Fig. 7 ).
Discussion
Our evidence shows that glycosylation of the NK1R has functional consequences. We demonstrate here that NK1R glycosylation may not be necessary for ligand binding and downstream MAPK signaling. However, nonglycosylated NK1R has significantly reduced cell surface levels of functional receptor. As well, nonglycosylated NK1Rs elicit reduced IL-8 secretion in response to SP activation. The presence of N-glycosylation sites in the N-terminal domain is a common characteristic of GPCRs, although oligosaccharide function in GPCR function varies with different systems, and therefore the role of glycosylation must be determined empirically. For example, studies with N-glycosylation of the rat angiotensin II receptor (37) showed that receptors with all three defective N-glycosylation sites are not expressed on the plasma membrane, but instead are accumulated in the endoplasmic reticulum; interestingly, the preservation of Asn-176 in the second extracellular loop enabled surface expression similar to wild-type receptors. Glycosylation-deficient receptors displayed wild-type K D values for its ligand sarcosine, whereas levels of inositol phosphate production upon activation were unchanged. In contrast, site-directed mutagenesis of two glycosylation sites at the extracellular domain of the follicle-stimulating hormone receptor showed that one intact site is sufficient for receptor expression at the cell surface and ligand binding with high affinity (38) . This group also reported that removal of six N-glycosylation sites on rat lutropin receptor had no effect on binding to human chorionic gonadotropin, although glycosylation may be involved in proper receptor folding (39) . Similarly, gonadotropin-releasing hormone (GnRH) receptor mutants in which the consensus N-linked glycosylation sites were ablated showed unchanged ligand affinity and were able to stimulate downstream signaling pathways. However, the glycosylationdefective GnRH receptors displayed decreased B max values at 39-46% of wild-type depending on mutation site, implying decreased receptor expression and/or stability at the plasma membrane (40) . Immunoblot shows the duration of SP-mediated activation of p38, p42/p44, and JNK in all cell lines. p38 and p42/p44 are phosphorylated within 5 min of SP incubation, whereas JNK phosphorylation occurs within 30 min. Wild-type and mutant receptors exhibit similar phosphorylation patterns. Total p42/p44 (shown), total p38, and total JNK were also assayed to assure loading equivalency. Representative immunoblots from independent experiments are shown. In other systems, GPCRs do not require N-glycosylation for membrane targeting, ligand binding, or downstream signaling. For example, glycosylation-defective ␣ 1 -adrenergic, H2 histamine, and M2-muscarinic receptors do not have altered cell surface expression and/or stability. Further, site-directed mutagenesis at two of three consensus sites of the histamine H2 receptor show that lack of glycosylation does not alter the receptor's ability to bind ligand, nor does it affect cAMP activation and intracellular calcium accumulation. Immunostaining and binding experiments localized the glycosylationdefective receptors to the plasma membrane, implying that N-glycosylation is not required for intracellular targeting of the H2 receptor (41) .
The present studies of a glycosylation-defective NK1R may indicate that N-glycosylation is necessary for stable receptor expression in the plasma membrane, because the glycosylationdefective receptors show reduced functional cell surface expression and more rapid internalization upon ligand binding. Interestingly, previous work on the extensively glycosylated EGFR shows that receptor self-dimers have 5-fold more kinase activity than monomeric receptors (independent from ligand binding); this self-dimerization and thus kinase activity highly depends on glycosylation (26) . Fernandes et al. (26) suggest that glycosylation confers a ''kinase-active'' conformation that enables selfdimerization. As in the present studies with NK1R, lack of the oligosaccharides might contribute to receptor destabilization and degradation. The above studies do not, however, rule out the possibility of impaired receptor export, regulation of which requires endoplasmic reticulum chaperones, accessory proteins, and receptor activity modifying proteins, which can dimerize with GPCRs and modulate receptor folding.
Ligand affinities for SP and NKA (data not shown) of glycosylation-defective receptors are similar to that of the wildtype receptor, which suggests that for the NK1R, N-glycosylation is not involved in ligand binding, because the nonglycosylated receptor is able to attain proper folding to bind ligand. As well, glycosylation-deficient receptors are able to activate various MAPKs similarly to wild-type receptors, leading to NF-B nuclear translocation (data not shown) and IL-8 production. It is somewhat unexpected, however, that we observe a substantial reduction in IL-8 secretion in cells containing the glycosylationdeficient receptors, because proinflammatory cytokine production has been shown to be downstream of and dependent on protein kinase pathways. This finding may reflect the sensitivity of IL-8 production to small changes in the timing of effector phosphorylation, which, in turn, are amplified throughout the activation cascades. For example, it has been previously shown that IL-8 secretion is sensitive to the synergistic effects of the ERKs, JNK, and the p38 MAPK cascades, such that a subtle change in one pathway dramatically affects IL-8 induction (42) . It is also possible that the NK1R-induced IL-8 secretion observed here depends on protein kinases outside of the scope of this present study.
It is clear from the study of various GPCRs that glycosylation can have a wide range of effects on receptor function, and further study of the receptor mutants created here will enhance our knowledge on the role of NK1R in inflammation associated with several disease states. As observed here, the decreased expression of glycosylation-deficient NK1R at the plasma membrane may prove to be a critical point of therapeutic manipulation.
Materials and Methods
Creation of Lentiviral Vector with NK1R. Plasmids containing the wild-type human NK1R were obtained from N. Bunnett (University of California, San Francisco, CA). Using restriction enzyme digest, the NK1R sequence was extracted and ligated into PC3 DNA cloning vector (Stratagene, La Jolla, CA). Then, using splicing by overlap extension (43), single glycosylation mutants of the NK1R were made, changing Asn 3 Gln-14, and Asn 3 Gln-18, to create the N14Q and N18Q mutants, respectively. As well, a double N14/18Q glycosylation mutant was created. These three mutant plasmids, and the wild-type NK1R in the PC3 cloning vector, were used as templates for a modified PCR, in which HotStart Ultra Pfu polymerase (Stratagene) and primers with a Topo-directional four-base sequence and a Kozak sequence were used to create Topo-directional fragments. The blunt-end fragments containing the NK1R sequence were incorporated into the Lenti6/V5-D-TOPO vector (Invitrogen, Carlsbad CA). These constructs were verified by sequencing, purified, and transfected into 293FT cells with Lipofectamine 2000 (Invitrogen). The virus-containing supernatant was harvested, titered, and used to create stable NCM 460 cell lines.
Real-Time Quantitative RT-PCR. Total RNA was isolated from NCM 460 cells with an RNeasy mini kit (Qiagen, Valencia, CA) and reverse-transcribed with the One-Step RT-PCR kit (PerkinElmer, Shelton, CT). The resulting DNA was used for real-time PCRs on a 96-well plate using either NK1R-specific Taqman master mix from Applied Biosystems (Foster City, CA) or a human TATA-box binding protein Taqman master mix for endogenous control and analyzed in a GeneAmp 5700 detection system (ABI/PerkinElmer, Boston, MA) (44).
ELISA. The secretion of IL-8 in NCM-460 cells was measured by using an ELISA kit developed by R & D Systems (Minneapolis, MN). Cells were grown to 80% confluence in 24-well plates and serum-starved overnight (Ϸ18 h). Media were then replaced with fresh serum-free media containing peptide agonist, antagonist, or both and incubated for the indicated amount of time. The media were then analyzed for IL-8 levels as detailed by the R & D Systems protocol.
Immunoblot. The cell lysates were run on 4-12% SDS/PAGE gels, transferred, and immobilized on nitrocellulose or PVDF membranes using a modified Laemmli and Tobin method (45, 46) . Cell lysates were boiled for 10 min and loaded on NuPAGE gels (Invitrogen) and run at 150 V for 2 h using Mops buffer (50 mM Tris base/50 mM Mops/1 mM EDTA/3.5 mM SDS, pH 7.7). The gels were transferred at 30 V for 4 h in NuPAGE transfer buffer (25 mM Bis-Tris/1 mM EDTA/25 mM Bicine/15% methanol). Membranes were blocked overnight at 4°C in 5% skim milk or 5% BSA and washed with 0.05% Tween-20 in Tris-buffered saline, pH 7.4. The membranes were then incubated with the appropriate primary antibodies. NK1R was visualized by using rabbit anti-NK1R antibodies (H-83; Santa Cruz Biotechnology, Santa Cruz CA) and HRP-labeled secondary antibodies, and detected by SuperSignal Chemiluminescent Substrate (Pierce, Rockford, IL).
MAP kinase activation was assessed by stimulation of NCM 460 cells cultured in complete medium, and when 75% confluent, incubated for 18 h in 0% FBS medium. The cells were stimulated with 10 or 100 nM SP or NKA or 20 ng/ml EGF for the stated times. The cells were processed for immunoblot as described above, using phosphospecific antibodies (0.2 g/ml) directed against ERK1 or ERK2 to detect MAPK activation, anti-JNK rabbit antibody or anti-p38 rabbit antibody (Cell Signaling Technology, Beverly, MA).
Binding Kinetics. For competitive binding analysis of the NK1R in the various cell lines, a fixed concentration of 125 I-BH-SP (62.5 pM) and a variable concentration of SP (1 pM-1 M) were incubated with a fixed number of cells (5 ϫ 10 4 ) for 2 h at 4°C in Krebs-Ringer's solution-Hepes buffer (20 mM Hepes/1 mM MgCl 2 /5 mM KCl/120 mM NaCl, pH 7.4) supplemented with 6 mg/ml glucose and 0.6 mg/ml BSA. For saturation analysis experiments, cells were treated with increasing concentrations of
